Cultures of the green alga Scenedesmus obliquus were grown in the presence of either the chelating reagent ED TA or NiCl2 in various concentrations and assayed for hydrogenase catalyzed photohydrogen evolution after an anaerobic dark adaptation period. Cultivation of algae in the presence of 100 [am EDTA inhibited the formation of hydrogenase activity by 37%. After a cultivation of the cells in the presence of 5 -2 0 [xm NiCl2 photohydrogen evo lution was increased by 20-40% . Addition of EDTA up to a final concentration of 1.5 mM had no effect on the activity of hydrogenase in cell-free hydrogenase preparations.
T he enzym e hydrogenase was first described by Stevenson and S tickland 1931 . Today, hy drogenases are w ell know n and characterized enzym es in various p rokaryotic m icroorganism s (Przybyla et al., 1992; A dam s, 1990; W u and M andrand, 1993 for review ) . Since th e fundam en tal investigations o f G affron, w ho first discovered the ability of th e unicellular green alga Scene desm us obliquus to m etabolize hydrogen under app ro p riate an aerobic conditions (G affron, 1939; G affron, 1940; G affron and R ubin, 1942) , hydroge nases w ere found in various taxonom ic classes of algae (K essler and M aifahrt, 1960; K essler, 1974; K essler, 1978) . F u rth e r research focussed on the physiological conditions and requirem ents necessary for light-d ep en d en t hydrogen m etab o lism in green algae an d cyanobacteria (B othe et al., Abbreviations: EDTA, ethylenediaminetetraacetic acid; PCV, packed cell volume. Reprint requests to H. Senger. Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen 0939-5075/94/0100-0033 $01. 30/0 1978; K erfin and B öger, 1982; A lm on and Böger, 1984; K entem ich et al., 1990; Senger and Bishop, 1979 ; R an d t and Senger, 1985) .
H ydrogenases can be distinguished according to their cellular location or th eir in vivo electron donators or acceptors. F urth erm o re, m ost bac terial hydrogenases can be classified w ith respect to the m etal com position of th eir reactive centers and are generally divided in Fe hydrogenases o r FeN i(Se) hydrogenases (Przybyla et al., 1992; A dam s, 1990) . R ecently, a new type of hydro genase lacking nickel ions as well as iron-sulfur clusters was found in m ethanogenic archaebacteria (Z im gibl et al., 1992) . U ntil now about 30 m icrobacterial hydrogenases have been charac terized. In bacterial hydrogenases the absence of nickel seems to be m ore an exception than the rule.
In previous com m unications the effect of carbon m onoxide and cyanide on hydrogenase activity of the eukaryotic alga Scenedesm us was investigated (H artm an and K rasna, 1964) . B oth, th e anaerobic adaptation and the active hydrogenase, w ere shown to be inhibited by carbon m onoxide and cyanide. In addition, the application of iron chelators was used to inhibit the form ation of an active hydrogenase. F urth erm o re, it was shown th at decreased concen trations of iron in culture m edia resulted in lower hydrogenase activity in Scenedesm us (K essler, 1968; Y anagi and Sasa, 1966) .
F rom these studies it was concluded th a t m ost probably iron is p a rt of the active site of th e h ydro genase from Scenedesmus.
H ow ever, until now th e re is no inform ation avail able w hether hydrogenases o f eukaryotic algae con tain nickel o r not. In the p resen t p ap er we study the influence of nickel during cell grow th on the fo r m ation of hydrogenase activity in Scenedesmus.
E xperim ental

Organism and growth conditions
Cells of th e wild type o f the green alga Scenedes m us obliquus strain D 3 (G affron, 1939) w ere grown autotrophically as described by Senger and Bishop (1972) . C ultures w ere aera te d with 3% C 0 2 in air and illum inated w ith fluorescent w hite light (20 W /m 2).
Determination o f hydrogen and oxygen
H ydrogen (H 2 evolution assay; in vivo) and oxygen evolution w ere m easu red polarographically using a M icro-C lark electrode (G ilson M edi cal Electronics, M iddleton, W isconsin, U .S.A .) at 28 °C u n d er saturating incandescent light. T he electrode was calibrated for H 2 m easurem ents with a gas m ixture containing 2% H 2 (M esser, G ries heim ) o r for 0 2 m easu rem en ts w ith oxygen satu ra te d buffer, respectively. T he solubility of H 2 and 0 2 in aqueous solutions was calculated according to d ata from the literatu re (M ay, 1967) .
F o r determ in atio n of hydrogen u p tak e in cellfree hom ogenates m ethylviologen (10 mM) was used as electron acceptor (H 2 evolution assay; in vitro).
F o r m easurem ents of hydrogen p ro d u ction in cell-free p rep aratio n s d ithionite red u ced m ethyl viologen (10 mM) was used as electron donor. R eaction was started by th e addition o f 0.1 ml of the sam ple (H 2 u p tak e assay; in vitro).
Determination o f basic parameters
Packed cell volum e (PC V ) was d eterm in ed by centrifugation of aliquots of th e cell suspension in hem atocrit tubes for 5 m in at 1400 X g.
C hlorophyll co n ten t was d eterm in ed after ex traction with h o t m eth an o l using the form ula given by P o rra (1991).
Protein was quantified by the m e th o d of B rad ford (1979).
Hydrogenase activation
C ultures w ere harvested by centrifugation and w ashed twice w ith bis-Tris/H Cl b u ffer (50 mM, pH 7.5). Cells w ere adjusted to a P C V of 20 [xl/ml (for in vivo m easurem ents) or 500 ^il/ml for p re paring cell-free hom ogenates and placed in 50 ml flasks sealed w ith serum stoppers. T he sam ples w ere repeatedly vacuum degassed, flushed with nitrogen and finally shaken for th e indicated tim es at 30 °C in darkness.
Cell-free preparation
A naerobically ad apted cells w ere disrupted with a V ibrogen cell mill (B ühler, T übingen) as d e scribed by Senger and Mell (1977) .
Incorporation o f 63N ickel
Incorporation of radioactive 63N i was determ ined by liquid scintillation counting using a B etam atic liquid scintillation counter (K ontron, M ünchen). F o r the determ ination of 63Ni in w hole cells, ali quots of the culture w ere centrifuged and w ashed twice with bis-Tris/H Cl buffer (50 m M , p H 7.5).
Materials
A ll chemicals w ere of analytical reag en t grade and purchased from M erck, D arm stadt; 63NiCl2 was obtained from A m ersham , Braunschw eig.
R esults and Discussion
Effect o f nickel on hydrogenase activity
M etal chelating reagents, especially E D T A , w ere previously rep o rted to be effective in inhibiting the form ation of hydrogenase activities in several bac teria (Pedrosa and Y ates, 1983; P ap en et al., 1986; Friedrich et al., 1981) . In these studies the inhibit ing effect could be prevented specifically by the addition of nickel salts. T herefore, it w as concluded th at E D T A inhibits the uptake of nickel by those organisms.
In the present com m unication w e investigate the effect of E D T A and nickel ions on hydrogenase activity in the eukaryotic green alga Scenedesm us obliquus.
F o r this purpose, cultures w ere grow n for 9 d in the presence of E D T A . D uring this tim e aliquots of the culture w ere tran sferred to new m edia con taining the sam e con cen tratio n of E D T A every 3 d. This was done to d ep lete th e in tern al am ount of nickel ions in th e algae. T he chosen tim e interval (3 d) corresponds to the norm al grow th phase of the algae. B ecause no hydrogenase activity could be detected u n d e r aerobic grow th conditions, algae w ere harvested, follow ed by a dark incuba tion u n d er an aerobic N 2 atm o sp h ere for 3 h, and subsequently assayed for hydrogenase m ediated photohydrogen evolution (in vivo hydrogenase evolution assay). A fte r 3 h of anaerobic ad aptation m axim um rates o f hydrogenase m ediated p h o to hydrogen evolution w ere o b tain ed and the rates re m ained constant (Fig. 1) . F o r all experim ents an adaptation perio d o f 3 h has b een used.
Increasing co n centrations of E D T A in the cul ture m edia resulted in d ecreased hydrogenase ac tivities (Fig. 2) . A final concen tratio n of 100 |im E D T A caused m ost effective suppression of h ydro genase activity (37% ). F o r investigation of the effect of nickel ions on hydrogenase activity, cul tures w ere grow n in th e presence of N iCl2 ( 5 -2 0 |im final concentration) for 3 d and subsequently assay ed for photohydrogen evolution. T he addition of various am ounts of N iCl2 to the culture m edium resulted in a stim ulation of hydrogenase activity in these cultures. A fter the addition of nickel chloride to final concentrations from 5 to 20 hydro genase activity was increased up to 50% (Fig. 2) .
It has to be m entioned th at our standard culture m edium is n o t supplem ented by nickel salts. Thus, nickel ions can only be p resent as contam inants of trace elem ents in the m edia. T he concentration of nickel deriving from im purities of the chem icals was estim ated to about 50 nM. T hat it was below 85 nM was dem onstrated by atom ic absorption spectroscopy (data n o t show n). T he fo rm er stim u lation of hydrogenase activity by N iCl2 indicates th at the availability of nickel in our stan d ard cul tu re m edia m ight be lim ited b ut n ot insufficient during cell grow th with respect to subsequent fo r m ation of hydrogenase activity. This could be an explanation for the ra th e r m o d erate repression ef fect of E D T A in the culture experim ents, since m ore drastic repression effects have b een rep o rted for bacterial hydrogenases.
For our in vivo experim ents such co ncentra tions of E D T A and N iCl2 w ere chosen which ensure significant repression effect on th e form a- T im e [h ] Fig. 1 . Photohydrogen evolution during the anaerobic adaptation of Scenedesmus cells. Cultures were grown autotrophically for 3 d. Algae were harvested and adapt ed to aerobic conditions by degassing and flushing with nitrogen. The photohydrogen evolution (-• -) was measured by transferring aliquots of the algal suspen sions containing 40 |xl PCV in 2 ml buffer into the reac tion chamber of the electrode. Photohydrogen evolution was measured by illumination with saturating incandes cent light.
tion of hydrogenase activity w ithout affecting cell grow th. Since th e ph otosynthetic electron tran sport pathw ay is req u ired for th e hydrogenase-catalyzed photoh y d ro g en evolution, we also checked p h o to synthetic oxygen evolution w hen algae w ere grown in the presence of E D T A or N iCl2. F urth erm ore, cell grow th was m on ito red by determ in ation of p acked cell volum e as well as by determ in ation of th e chlorophyll contents. F o r this purpose, cultures w ere grow n in the presence o f th e highest concen tra tio n of E D T A o r NiCl2 being used in the experi m ents described above. C ultures grow n in the p res ence of 100 hm E D T A o r 20 |j,m NiCl2, respective ly, show ed the sam e packed cell volum e, oxygen evolution and chlorophyll co n ten t as the control sam ples. W e also investigated the effect of E D T A and N iC l2 after an aerobic ad ap tatio n on the already activated hydrogenase in vitro. T he hydrogenase activity was th en determ in ed after preparing cellfree suspensions o f anaerobically ad ap ted algae w hich w ere grow n in stan d ard m edia w ithout sup plem ents. E nzym e activity was m on ito red by hydrogenase-catalyzed oxidation of reduced m ethylviologen (in vitro hydrogen evolution assay). E D T A was ad d ed up to a final concentration of 1.5 mM. N iCl2 was also added up to a final concen tra tio n of 1 mM. B o th supplem ents h ad no effect on th e already p resen t hydrogenase.
It has been also re p o rte d fo r A zo to b a cter chroococcum (Pedrosa and Y ates, 1983 ) th at th e re is no inhibition effect o f those reagents on the already p refo rm ed h ydrogenase, even if th e concentrations of the used chelators w ere up to ten tim es higher th an th e concentrations causing th e repression of hydrogenase activity in growing cells. Sim ilar ob servations are re p o rte d for Alcaligenes eutrophus (F riedrich et al., 1981) .
T his fact d em onstrates th a t the availability of nickel in the culture m edium is an im p o rtan t factor for the form ation of an active hydrogenase.
Incorporation o f 63N i into grow ing cells o f Scenedesm us and in partial p urified hydrogenase preparations
F o r investigation of a possible incorporation of nickel ions during cell grow th Scenedesm us cells w ere grow n autotrophically in th e presence of 3 |j,m 63N iCl2 (specific radioactivity 2 ^iCi/ml; 74 kBq/ml; 4.5 X106 cpm/ml) for 4 d. A t the tim es indicated, ali quots of the culture w ere rem oved, centrifuged and w ashed twice with buffer. Since th ere was no sig nificant radioactivity in th e buffer after the final wash, the determ inated radioactivity was attrib u ted to nickel incorporated into th e cells. A n increasing incorporation of radioactivity in parallel to the cell grow th (Fig. 3) was observed. W ithin 60 h cells have reached their early stationary phase and no addi tional radioactivity was incorporated. T he m axi m um am ount of in co rp o rated radioactivity was 8 X104 cpm/ml PCV.
F or fu rth er clarification w h ether the supplem ent ed nickel is incorporated in the hydrogenase, a cul ture grow n in the presence of 63N iCl2 was adapted to anaerobic conditions and the cells w ere sub sequently disrupted. T he crude hom ogenate was centrifuged at 300,000 X g for 1 h at 4 °C. 300 ^1 of the supernatant containing both, hydrogenase activity and radioactivity, was applied to a Sephadex G-200 colum n (1.0 X 38 cm). Fractions of 1 ml w ere collected (flow rate 11 m l/h) and assayed for incorporated radioactive nickel and hydrogenase activity. 1 7 -2 2 ml. T he m aximum radioactivity elu ted at 21 ml (Fig. 4) . H ydrogenase activity was d etected in fractions 12 to 21, but the m axim um hydrogenase activity was shown to elute in fraction 19 to 21. A s described earlier, hydrogenase tends to form higher m olecular weight aggregates with decreased enzym e activity (Schnackenberg et al., 1993) . T he hydrogenase activity in the fractions 1 2 -1 9 m ight be caused by those hydrogenase aggregates.
From ou r culture experim ents we conclude th at nickel ions are involved in the form ation of h y d ro genase activity in Scenedesmus. T he incorporation o f nickel during cell growth as well as the co-elution of radioactive nickel and hydrogenase activity p ro vides fu rth er evidence for the presence of nickel in th e hydrogenase from Scenedesmus. Since th ere was no effect of E D T A or NiCl2 on the already activ ated hydrogenase as shown by in vitro experim ents, we conclude th at the incorporation of nickel in the hydrogenase enzyme occurs during cell grow th as dem onstrated by the labeling experim ents using radioactive nickel. T herefore, we assum e th a t nickel ions are inserted into the reactive center o f the hydrogenase of Scenedesmus obliquus during its growth. In fu rth er studies the location of nickel, the m olar am ount of nickel in the hydrogenase enzym e or its subunits as well as the function of nickel will be investigated. Fig. 4 . Gel filtration chromatography of a 63Ni-labeled hydrogenase preparation. Cultures grown in the pres ence of 63NiCl2 were harvested, adjusted to a PCV of 500 nl/ml in 50 mM bis-Tris/HCl buffer (pH 7.5) and an aerobically adapted. After disruption and centrifugation (300,000 X g, 4 °C, 1 h) 300 |xl of the supernatant, containing all hydrogenase activity, were applied to a Sephadex G 200 column (38 X 1 cm). Fractions of 1 ml were collected (flow rate 11 ml/h) and assayed for hydro genase activity (methylviologen reduction, in vitro H2 uptake assay) and radioactivity. (------) Absorbance, ODjgo ^ (-------) incorporated radioactivity; open bar: main hydrogenase activity, arbitrary units.
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